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EVALUATION OF 40-MILLI~TER-BORFI BALL BEARINGS OPERATING 

I N  L I Q U I D  OXYGEN AT DN VAWES TO 1.2 NILLION 

by Robert E. Cunningham and W i l l i a m  J. Anderson 

L e w i s  Research Center 

SUMMARY 

An experimental invest igat ion was undertaken t o  evaluate the  berforrnance 
of two se r i e s  of ba l l  bearings (extra- l ight  108 and extremely l i g h t  1908) s u i t -  
able f o r  cryogenic turbopump applicationsJ These bearings were t e s t ed  f u l l y  
immersed i n  l iqu id  oxygen a t  r a d i a l  loads from 100 t o  600 pounds and a t  DN 
values (bearing bore i n  mm times shaf t  speed i’n rpm) t o  1.2 million. 
mum running time accumulated on any one bearing was  19.7 hours. 

The maxi- 

Bearing-torque and wear data  were obtained on seven d i f f e ren t  r e t a ine r  
materials t o  compare t h e i r  influence on overall bearing performance. Three 
d i f f e ren t  glass-reinforced-Teflon re ta iner  materials t h a t  gave the  bes t  overa l l  
performance were (1) molybdenum disu l f ide  p lus  glass  f i b e r  i n  Teflon, ( 2 )  g lass  
f i b e r  i n  Teflon, and (3) glass-cloth - Teflon laminate. 
t i o n  and wear results obtained corroborate e a r l i e r  f r i c t i o n  and wear s tudies  i n  
l i qu id  nitrogen. 

Generally, the f r i c -  

Low torque values and negl igible  wear characterized t e s t s  conducted on two 
108-series bearings with molybdenum disulf ide plus glass-fiber-in-Teflon re- 
ta iners .  B a l l s  and races of these bearings were i n  excel lent  condition a t  t h e  
conclusion of each t e s t  series. Total  t e s t  times on these two bearings were 
8.5 and 6.3 hours. 

Overall coeff ic ients  of f r i c t i o n  obtained with bearings equipped with 
glass-fiber-in-Teflon re ta iners  were o f  t h e  same order of magnitude as those 
obtained by other invest igators  f o r  oil-mist-lubricated b a l l  bearings t e s t ed  
over t he  same radial-load range. 

High rates of torque increase a t  shaft  speeds exceeding 25 000 rpm were 
observed w i t h  the  1908-series bearings. H i g h  r e t a ine r  forces charac te r i s t ic  of 
bearings running under combined loading probably d is tor ted  the  l i g h t l y  con- 
s t ruc ted  re ta iners ,  which resul ted i n  high-friction torques and r e t a ine r  wear. 
These r e s u l t s  are i n  contrast  with published r e s u l t s  on liquid-hydrogen-cooled 
1908-series bearings operated a t  DN values t o  1.6 million. Retainer forces 
generated by pure thrust  loading on the bearing a re  less severe. n 



INTRODJCTION 

Present generation liquid-chemical-propulsion systems u t i l i z e  high-speed 
turbopumps t o  t r ans fe r  cryogenic l iqu id  propellants from storage tanks t o  the  
engine combustion chamber. Desirable design objectives f o r  cryogenic pump 
systems could be achieved i f  it were p rac t i ca l  t o  operate the  shaf t  bearings 
immersed in  the working fluid.  Two advantages immediately apparent are 
(1) weight reduction by t h e  elimination of a separate lubricat ion system and 
(2)  simplification of design through the  elimination of ce r t a in  shaf t  sea ls  
required with conventional lubricants.  
reduce complexity, it i s  necessary t o  use the  working f l u i d  t o  lubr ica te  and 
cool t h e  bearings. This report  i s  concerned with research on b a l l  bearings 
su i tab le  for operation i n  l i qu id  oxygen. 

To achieve maximum weight reduction and 

An ideal  bearing lubr icant  bas i ca l ly  performs two functions: (1) it mini- 
mizes wear and surface damage of the  elements i n  s l i d ing  and/or r o l l i n g  contact, 
and ( 2 )  it cools t h e i r  surfaces. 
establishment of a surface-protecting boundary-lubricant f i l m  or by generation 
of an elastohydrodynamic film. 
elastohydrodynamic f i l m  i s  proportional t o  i t s  viscosi ty ,  and the  absolute 
viscosi ty  of l iqu id  oxygen a t  -297O F (boi l ing  point)  i s  0.027x10’6 reyn 
(0.186 centipoise 

expected t o  afford l i t t l e  protection a t  the  bal l - race contacts or a t  the  
re ta iner -ba l l  and retainer-race contacts through the  formation of any signifi- 
cant hydrodynamic f i l m s .  Also, i t s  effectiveness as a boundary lubricant ,  when 
compared with conventional organic lubricants,  i s  very limited. The bearings 
must therefore incorporate some s o r t  of se l f - lubr ica t ing  mechanism. The second 
and most important function, when a cryogenic f l u i d  i s  used as a lubricant ,  i s  
t o  carry awaythe heat generated by f r i c t i o n a l  forces i n  the  bearing and thus 
minimize the thermal gradients:  these thermal gradients, when excessive, lead 
t o  a l o s s  of i n t e rna l  clearance and seizure of the  bearing. 

The f i r s t  function i s  accomplished by the  

The a b i l i t y  of a lubricant  t o  generate an 

as compared with the  absolute v iscos i ty  of an SAE 10 o i l  a t  
100° F of 4.9x10’ 6 r e p  (33.8 cent ipoise) .  Liquid oxygen, therefore,  can be 

The re ta iner  materials selected fo r  study i n  t h i s  invest igat ion were s e l f -  
lubricat ing materials t h a t  exhibi t  low wear and low coeff ic ients  of f r i c t i o n  i n  
cryogenic oxidants. Certain reinforced Teflon compositions have these desirable  
properties a s  determined by r e su l t s  of f r i c t i o n  and wear s tudies  ( re fs .  1 and 
unpublished NASA data) i n  cryogenic f lu ids .  Also,  r e s u l t s  of t e s t s  on full- 
s i z e  bearings operated i n  l iqu id  hydrogen ( re fs .  2 and 3) proved the  superior 
performance of reinforced Teflon compositions over conventional metal l ic  r e -  
t a i n e r  materials. 

The objectives of t h i s  report  are t o  compare f r i c t i o n  torque and wear i n  
l i qu id  oxygen f o r  two s e r i e s  of 40-millimeter-bore b a l l  bearings with d i f f e ren t  
r e t a ine r  materials a t  DN values (bearing bore i n  mm times the shaf t  speed i n  
rpm) t o  1.2 million. I n  the  tests described herein, ex t ra - l igh t  108-series 
bearings.were run a t  radial loads t o  600 pounds and speeds t o  30 000 rpm, and 
extremelyl ight  1908-series bearings were run a t  radial loads t o  300 pounds 
with a constant 25-pound t h r u s t  load and speeds t o  30 000 rpm. Maximum a n t i c i -  
pated radial-bearing loads i n  a typ ica l  oxidant turbopump would be i n  the  range 
from 150 t o  340 pounds a t  a sha f t  speed of 1 2  000 rpm. Bearing design geom- 
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Figure 1. - Lower half of test shaft and test-bearing assembly. 

e t r i e s  incorporated l i b e r a l  ra- 
d i a l  clearances and open race 
curvatures f o r  minimum heat  gen- 
e ra t ion  (ref. 2) .  

APPARFlTIJS 

Drive System 

The t e s t  apparatus used i n  
t h i s  invest igat ion had the  tes t  
sha f t  mounted i n  the  v e r t i c a l  
posit ion,  the  lower half of which 
i s  depicted schematically i n  f i g -  
ure 1. A variable-speed, d i r ec t -  
current drive motor was coupled 
t o  a speed increaser through a 
f l ex ib l e  gear coupling equipped 
with two shear pins t o  protect  
the  drive t r a i n  i n  t h e  event of 
bearing seizure. The t e s t  bear- 
ing was located a t  the  lower end 
of t he  t e s t  sha f t  t h a t  w a s  
mounted i n  a b a l l  bearing and a 
r o l l e r  bearing a t  the  upper and 
lower ends, respectively. The 

t e s t  sha f t  w a s  coupled a t  i t s  upper end t o  the  gearbox output sha f t  of the  
speed increaser  by means of a special  high-speed gear coupling. 
t he  gearbox output shaf t  w a s  variable from approximately 400 t o  50 000 rpm. 

The speed of 

Load and Torque-Measuring Systems 

Radial load w a s  provided by a hydraulic cylinder and transmitted t o  the  
t es t  bearing through a f l ex ib l e  s t e e l  s t r ap  ( f ig .  2) .  
bearing assembly, and t h e i r  lubricat ing system were mounted on a s t e e l  bulk- 
head. This bulkhead pivoted independently of t he  load cylinder on upper and 
lower knife  edge assemblies t h a t  had negligible f r i c t i o n  compared with the  t e s t  
bearing. 
diameter to rs ion  rod. Test-bearing torque applied t o  i t s  own housing rotated 
the  e n t i r e  assembly about t he  t e s t  bearing a t  the  bottom and about t he  tors ion  
rod at  the  top. 
bearing housing measured tes t -bear ing torque. 

The drive system, t e s t -  

The en t i r e  weight of the  assembly w a s  supported by a 0.137-inch- 

A force transducer attached t o  the cover p la te  of the t e s t -  

Cryogenic Supply System 

The t e s t  chamber w a s  a cy l indr ica l  weldment consisting of concentric cham- 
bers  t h a t  enclosed the  tes t -bear ing assembly ( f ig .  3). 
attached t o  the  cover p la te  and could be removed t o  provide access t o  the  t e s t  
bearing. The innermost chamber contained the l iqu id  oxygen. The outermost 

The tes t  chamber w a s  
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direct-current 
drive motor -. . 
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from bearing torque 

‘ 
-2 I Bulkhead 

r Hydraulic 
1 load 

f cylinder 

Lower knife 

chamber was a vacuum jacket for 
minimizing oxidant boiloff during 
a run. Liquid oxygen was stored 
in a 100-liter insulated -Dewar 
vessel located adjacent to the rig. 
Transfer of the liquid oxygen from 
the Dewar to the oxidant chamber 
was accomplished by pressurizing 
with oxygen gas. 
liquid sufficient to fully immerse 
the bearings was maintained by 
monitoring instrumentation and 
manual control. Boiloff gas was 
vented from the oxygen chamber 
through piping to the outside of 
the test cell. 

A level of 

Instrumentation 

,’ \ \ -, Cover plate / ---- . 
CD-7950 , - -_ ---_ - 

Figure 2. - Schematic drawing of liquid-oxygen test apparatus. 

Test bearing and ambient bath 
temperatures were sensed with 
copper-constantan thermocouples 
and read out on self -balancing, 
recording, and indicating potentio- 
meters. A capacitance probe in 
conjunction with a circular-chart 
recorder provided a continuous 

record of the liquid-oxygen level during a test. 
with a magnetic pickup head and displayed on a four-channel frequency counter. 

Test-shaft speed was measured 

Test Bearings 

Light-series bearings were selected for testing in this program because 
radial loads imposed in oxidant turbopumps are not severe. To minimize cor- 
rosion, both races and balls were made of A I S 1  440-C stainless steel. 

The 108-series, 40-millimeter-bore (1.575 in. ) bearings had a ball comple- 
ment of 10 and were of two types: 
The latter type was used in order to facilitate posttest inspection and weigh- 
ing of components. 

(1) deep groove and (2) radial separable. 

The 1908-series, 40-millimeter-bore bearings were all of the radial- 
separable type. Ball complements of 18, 14, and 12 were tested. Retainer 
bodies were reinforced with aluminum shrouds because of the low structural 
strength of the self-lubricating materials. 
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Figure 3. - Liquid-oxygen bearing test rig. 
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PROCEDURE 

R e t  e s t  F’re parat  ion 

As-received tes t  bearings were i n i t i a l l y  cleaned i n  a solvent (l,l,l 
tr ichloroethane) and then washed i n  acetone pr ior  t o  being placed i n  a vacuum 
desiccator from 1 4  t o  1 6  hours. 
balance t o  the  nearest  0.1milligram. 
was weighed separately. 
ing clearance were measured, then the  bearing w a s  cleaned again i n  acetone and 
returned t o  the  desiccator u n t i l  i n s t a l l a t ion  i n  the  t e s t  apparatus. 

The bearings were then weighed on an a n a l y t i c a l  

After weighing, the  radial play and the  r e t a ine r  loca t -  
Each component of the  separable bearings 

Test 

After i n s t a l l a t i o n  of t he  t e s t  bearing, the  inner oxidant chamber was 
purged with helium gas for 10 minutes t o  ensure a minimum of moisture i n  the  
t e s t  chamber and on the  t e s t  bearing. During the  helium purge, the  support- 
bearing and gear-lubricant pumps were turned on. 
measuring system was checked out. 

A t  t h i s  time the  torque 

The 100-l i ter  D e w a r  w a s  then pressurized with gaseous oxygen t o  t r ans fe r  
the  l iquid oxygen from the Dewar  t o  the  t e s t  chamber. The dr ive motor was 
s t a r t ed  as soon as the  l iquid- level  indicator  and ambient-bath thermocouple 
indicated a l i qu id  l e v e l  su f f i c i en t  t o  f u l l y  immerse the  t e s t  bearing. A t  t h i s  
time warm nitrogen gas w a s  supplied t o  a se r i e s  of labyrinth sea ls  on the  tes t -  
shaf t  housing t o  prevent t he  lubricat ing o i l  from freezing i n  the  lower 
support-bearing housing. The t e s t - sha f t  speed w a s  then increased from approxi- 
mately 750 t o  2500 rpm, and the  radial load w a s  applied. 

Two types of t e s t s  were conducted. One was a constant-load t e s t  with 
speed variable, and the  second w a s  a constant-speed load-variable t e s t .  For 
the  variable-speed t e s t s  t h e  shaf t  speed was increased i n  2500-rpm increments 
up t o  10 000 rpm and i n  5000-rpm increments from 10 000 t o  30 000 rpm with 
in te rva ls  between speed changes of approximately 5 minutes. The 108-series 
bearings were then operated a t  a speed of 30 000 rpm f o r  1 hour, and the  1908- 
s e r i e s  bearings fo r  1 /2  hour. A t e s t  w a s  terminated prematurely if the  f r i c -  
t i o n  torque exceeded 3 pound-inches for  a period of more than 5 minutes. For 
the  variable-load t e s t s  the  speed w a s  held constant, and the  load w a s  varied 
i n  100-pound increments up t o  800 pounds. The time in t e rva l  between load 
changes was su f f i c i en t  t o  allow the f r i c t i o n  torque t o  s t ab i l i ze .  

Pos t t e  s t Inspection 

After removal of the bearing from the  r i g ,  it was examined v i sua l ly  for  
any signs of d i s t ress .  After f lushing i n  acetone t o  remove any loose wear 
debris,  the bearing was placed i n  the  vacuum desiccator fo r  16  t o  18 hours. 
The bearing was then weighed and the  weight change recorded. 
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I n i t i a l  
inner - race  

l o c a t i n g  
c learance ,  

T o t a l  Radial-  Time a t  
- b e a r i n g  l o a d  maximun 

r a d i a l  range,  DN, 
p lay ,  l b  h r  

i n .  

TABLE I. - TEST RESULTS I N  LIQUID OXYGEN FOR EXTRA-LIGHT 108-SERIES BEARINGS 

[Maximum DN, 1.2~10~; b e a r i n g  bore,  40 mm; s h a f t  speed,  30 000 rpm; 
inner - race  curva ture ,  0.53; outer-race c u r v a t u r e ,  0.56; b a l l  diam- 
e t e r ,  3/8 i n . ;  number of b a l l s ,  lo.] 

- 
ro ta :  
t es t  
t i m e  
h r  

learing 

( 2 )  

Reta iner  d a t a  Comments 

lethod of 
:onstrue-  

t i o n  

Mat e r i  a 1  

D - 1  Glass -c lo th  - Tef lon  
lamina te  

19.7 
~~ 

A l l  t e s t s  s a t i s f a c t o r y ;  
b a l l s  and r a c e s  good; 
r e t a i n e r  f a i r  

D-2 Glass -c lo th  - Tef lon  
lamina te  

9 .3  

- 
17 

~ 

High-load t e s t s  s topped 
a t  maximum DN because 
of h i  h torque  ( f i g .  

A l l  t e s t s  s a t i s f a c t o r y ;  

l o ( a ) Y  

a l l  components i n  good 
c o n d i t i o n  

~ ~ 

Glass  f i b e r  i n  Tef lon  D-3 

D-4 

R-1 

R-2 

R-3 

Glass  f i b e r  i n  Tef lon  15 .9  High-load t e s t s  s topped a t  
maximum DN because of 
high  torque;  r e t a i n e r  
n o t  damaged ( f i g .  1 0 ( b ) )  

Bronze powder i n  
Tef lon  

6 T e s t  s e r i e s  s topped be- 
cause of excess ive  and 
nonuniform r e t a i n e r  
wear 

1 . 9  T e s t  s e r i e s  s topped be- 
cause of e x c e s s i v e  and 
nonuniform r e t a i n e r  wear 

Bronze powder i n  
Tef lon  

Molybdenum d i s u l f i d e  
p l u s  g l a s s  f i b e r  i n  
Tef lon  

8 .5  A l l  t e s t s  completed satis- 
f a c t o r i l y ;  a l l  p a r t s  i n  
e x c e l l e n t  c o n d i t i o n  ( f i g .  
1 2 ( a )  1 

6 . 3  A l l  t e s t s  completed satis-  
f a c t o r i l y ;  a l l  p a r t s  i n  
e x c e l l e n t  c o n d i t i o n  

R-4 

R-5 

Molybdenum d i s u l f i d e  
p l u s  g l a s s  f i b e r  i n  
Tef lon  

100-Percent g r a p h i t e  3 .2  

~ 

High-load t e s t s  s topped be- 
cause o f  excess ive  arma- 
t u r e  c u r r e n t ;  b a i i s  and 
r a c e s  s e v e r e l y  damaged 
( f i g .  1 2 ( b ) )  

'D- le t te red  bear ings  a r e  deep-groove type;  R - l e t t e r e d  bear ings a r e  r a d i a l  s e p a r a b l e .  
'Two-piece r e t a i n e r  body and two-piece aluminum shroud, r ive ted .  
'One-piece r e t a i n e r  body, two-piece aluminum shroud, b o l t e d .  

RESULTS AND DISCUSSION 

The r e s u l t s  of t e s t s  on seven different  r e t a ine r  materials and three  bear- 
ing types are given i n  t ab le s  I and I1 and i n  f igures  4 t o  14. 

Effec t  of Speed and Load 

De e p- G r  oove 

on Extra-Light  lOa-Series, 

B a l l  Bearings 

Sat isfactory performance was obtained Glass-cloth - Teflon laminate. - 
with t h i s  r e t a ine r  material  i n  bearings D-1 and D-2 ( t a b l e  I) at  a maximum load 
of 500 pounds and 30 000 rpm (DN value of 1.2 mill ion).  
and a t  a sha f t  speed of 30 000 rpmthe  Hertz maximum stress produced a t  the  
outer-race contact w a s  354 000 pounds per square inch. 

A t  t h e  maximum load 

7 



TABLE 11. - TEST RESULTS I N  L I Q U I D  OXYGEN FOR EXTREMELY LIGHT 1908-SERIES RADIAL-SEPARABLE BEARINGS 

[I:axlmu% DN, 1 . 2 ~ 1 0 ~ ;  bear ing  bore,  40 mm; s h a f t  speed,  30 000 rpm; i n n e r -  and outer - race  
curva tures ,  0.54; b a l l  d iameter ,  1/4 i n . ;  t h r u s t  load  due t o  wave washer, 25 l b . ]  

Radial-load1 Time a t  Bearing 

(a) 

R e t a i n e r  d a t a  

t ime,  

hr  1 Method of M a t e r i a l  I n i t i a l  
construc-  inner - race  

t i o n  1 oca t ing 
c learance ,  

i n .  
I I 

100 t o  3001 3.5 3.0018 18 

3.0021 18 

3.0017 18 

3.0020 12 

3.0026 14 

3.0021 14 

3.0022 12 

11.7 Reta iner  poor ;  
cracked through 
b a l l  pockets  
( f i g .  14(b)) 

f a t i g u e  s p a l l s  i n  
o u t e r  r a c e  

7 . 8  Outer  r a c e  g a l l e d ;  
b a l l s  p i t t e d  and 
s p a l l e d ;  r e t a i n e r  
c o n d i t i o n  @ o r  

4.8 Reta iner  good; 

( f i g .  14(aP)  

0.3 Unable t o  apply load;  
excess ive  torque;  
uneven wcar 

R-7 ( b )  Glass f i b e r  i n  0.011 
Tef lon  

100 t o  200 1 . 2  
Cl00 t o  800 

100 t o  3001 2.4 

R-9 I ( d )  IBronie powder 0.014 
i n  Tef lon  

100 t o  200 1 . 2  ( d )  Molybdenum d i s u l -  0.024 
f i d e  p l u s  g l a s s  I f i b e r  i n  Teflon 

R-10 I 
loo I O e 2  R-11 ( d )  Molybdenum d i s u l -  0.018 

f i d e  p l u s  g l a s s  
f i b e r  i n  Tef lon  

age  a t  b a l l  pockets ;  
r e t a i n e r  contac ted  
o u t e r  r a c e  

T R-12 ( d )  100-Percent  0.010 
g r a p h i t e  

1 . 4  R e t a i n e r  cracked and 
broke out  a t  b a l l  
pockets  

R-13 ( e )  Cot ton-c lc th-  I n a t e  
phenol ic  l a m l -  

0.020 3.0016 14 
r e t a i n e r  consumed b: 

R-14 ( d )  ICompacted mclyb- I 
denum disul- 

0.026 3.0018 12 2.2 Excessive wear on r e -  
t a i n e r ;  b a l l s  con- 
t a c t i n g  shroud;  
shroud c o n t a c t i n g  
a t  o u t e r  r a c e  I fide I 

% l e t t e r e d  bear ings  a r e  r a d i a l  s e p a r a b l e .  
bOne-piece r e t a i n e r  body, two-piece aluxinurn shroud,  r i v e t e d .  
CShort-durat ion,  load-var iab le  t e s t .  
dOne-piece body, one-piece aluminum shroud, one s i d e  spun over .  
eTwo-piece body, r i v e t e d ,  no shroud.  

A gradual increase of torque with speed w a s  observed for  bearing D-2 i n  
both the  400- and 500-pound load tests.  
500-pound load and 30 000 rpm, there  w a s  a sudden and rapid r i s e  i n  f r i c t i o n  
torque from 1.3 pound-inches t o  a value exceeding 3.0 pound-inches, t he  maxi- 
m of the potentiometer scale.  The t e s t  was terminated a f t e r  5 minutes a t  
t h i s  torque l eve l  i n  order t o  avoid a serious f a i l u r e  of the  t e s t  bearing. No 
s igni f icant  r i s e  i n  bearing outer-race temperature w a s  noted during these high- 
torque situations.  
oxygen t o  t he  t e s t  chamber t o  keep the  bearing t o t a l l y  immersed. 
cated tha t  liquid-oxygen boi lof f  due t o  f r i c t i o n a l  heat  generated i n  the  bear- 
ing w a s  greater than normal. 

After 2 3  minutes of operation a t  a 

It was necessary, however, t o  increase the  flow of l iqu id  
This indi-  

Glass f ibe r  i n  Teflon. - Test bearing D - 3  w a s  operated successful ly  a t  
30 000 rpm and a 500-pound load f o r  a t o t a l  time i n  two t e s t s  of 45 minutes. 
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Shaft speed, rpm 

Figure 4. -Experimental bearing torque plotted against shaft speed for 108-series deepyroove 
ball bearings operating in liquid oxygen. Bearing, 0 3  retainer material, glass fiber in  
Teflon. 

Bearing D-4 a l s o  performed sa t i s f ac to r i ly  a t  a 550-pound load and 30 000 rpm 
f o r  a t o t a l  time of 32 minutes ( tes t  stopped after 1 /2  hr because of a s t ead i ly  
increasing torque t h a t  eventually exceeded 3 lb - in . ) .  A comparison of f r i c t i o n  
torque f o r  bearing D-4 a t  varying speeds up t o  30 000 rpm and three magnitudes 
of radial load i s  shown i n  f igure  4. 
t h i s  material are  r e l a t i v e l y  f la t .  
f o r  reinforced Teflon compositions i n  l iquid nitrogen (ref .  1) and f o r  f'ull 
complement oi l - lubricated b a l l  bearings (ref .  4). 

Generally, the torque-speed curves f o r  
This agrees with experimental f r i c t i o n  data 

Effect of Speed and Load on Extra-light 108-Series 

Radial-Separable Ball  Bearings 

Bronze powder i n  Teflon. - The torque values recorded f o r  bearing R-1 a t  
speeds t o  30 000 rpm and a t  400-pound r ad ia l  loads were s ign i f icant ly  higher 
than those measured on any of the  bearings with glass-reinforced - Teflon r e -  
ta iners .  Similar high-torque values were experienced with bearing R-2 a t  a l l  
speeds. Tests of t h i s  mater ia l  were concluded prematurely because of excessive 
asymmetric wear a t  the  r e t a ine r  locat ing surface. 

Molybdenum disu l f ide  plus glass  f i b e r  i n  Teflon. - T e s t  bearings R-3 
and R-4 were operated successfully f o r  37 and 30 minutes, respectively,  a t  a 
r a d i a l  load of 600 pounds and shaf t  speeds t o  30 000 rpm. Torque-speed data 
plot ted i n  f igure  5 show a magnitude comparable t o  that of the other Teflon 
compositions through 18 000 rpm (e. g., bearing D-4, f ig .  4). The s igni f icant  
cha rac t e r i s t i c  of these curves, however, i s  t h a t  t he  torque does not increase 
a t  higher speeds f o r  the  400- and 600-pound load t e s t s  as does bearing D-4 a t  
a 550-pound load. This would indicate tha t  t h i s  r e t a ine r  material  established 
and maintained sa t i s f ac to ry  boundary lubrication a t  maximum speed and load. 
Bearing and adapter par t s  were completely f r ee  of any wear debris. The b a l l  
s e t  w a s  uniformly dark i n  color, which indicated t h a t  t he  re ta iner  material, 
which i s  black i n  color, was t ransferred t o  t he  b a l l  surfaces. 
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Figure 5. -Experimental bearing torque plotted against shaft speed for 108-series radial- 
separable ball bearings operating i n  liquid oxygen. Bearing, R-4; retainer material, 
molybdenum disulfide plus glass fiber i n  Teflon. 

100-Percent graphite. - Sat i s fac tory  performance w a s  obtained with t h i s  
material i n  bearing R-5 a t  loads through 400 pounds. Fr ic t ion  torque over the  
speed range w a s  s tab le  and comparable i n  magnitude t o  t h a t  of the  molybdenum 
disu l f ide  plus glass-fiber-in-Teflon materials. A f t e r  35 minutes of operation 
a t  30 000 rpm and a 600-pound radial load, however, t he  t es t  w a s  stopped be- 
cause of an impending seizure,  a s  indicated by excessive armature current,  
high-torque, and s t a l l i n g  of the  motor. 
t h i s  material  because of the  severe d i s t r e s s  of balls, races, and re ta iners .  

No fu r the r  tests were attempted on 

Effect  of Speed and Load on Extremely Light 1908-Series, 

Radial-Separable B a l l  Bearings 

Glass f i b e r  i n  Teflon. - Bearing R-6 ( t a b l e  11) w a s  t e s t ed  t o  a DN value 
of 1 . 2  million and a t  loads t o  300 pounds. This combination of r a d i a l  load and 
speed produce a Hertz s t r e s s  maximum i n  the  outer race of 296 000 pounds per 
square inch. A t o t a l  time of 11.7 hours was logged on t h i s  bearing, approxi- 
mately 3.5 hours of which were a t  the  maximum speed of 30 000 rpm. Figure 6(a)  
compares torque values f o r  bearing R-6 and a 108-series bearing (D-4) f o r  loads 
of 300 and 400 pounds, respectively. 
rpm and a 300-pound load f o r  the  1908-series bearing exceeded t h a t  of t he  108- 
se r i e s  bearing running under a 400-pound load. 

The value of torque a t  speeds t o  30 000 

Glass-cloth - Teflon laminate. - Bearing R-8  performed s a t i s f a c t o r i l y  a t  
DN values t o  1.2 mill ion f o r  the  100- and 200-pound loads, however, excessively 
high torque l imited operation t o  25  000 rpm (DN of 1.0 mill ion) a t  a 300-pound 
load. A s  was the  case with t h e  glass-fiber-in-Teflon re ta iners ,  high rates of 
torque increase were observed a t  speeds exceeding 20 000 rpm. Figure 6(b) com- 
pares torque values f o r  t h i s  bearing and a 108-series bearing, D-2, f o r  loads 
of 300 and 400 pounds, respectively.  Torque values f o r  the  1908-series bearing 
a re  much higher a t  30 000 rpm and 300 pounds than those of the  108-series bear- 
ing running at the  same speed and a t  a 400-pound load. 
contrast  t o  r e su l t s  reported with liquid-hydrogen-cooled bearings operated a t  

These r e s u l t s  a r e  i n  
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Figure 6. - Comparison of experimental bearing torque as plotted against shaft speed for 108- 
and 1908-series bearings operating in liquid oxygen. 

DN values t o  1.6 million. 
operated under pure t h r u s t  loading, where re ta iner  forces  are  generally not as 
severe. 

The bearings tes ted i n  hydrogen, however, were 

plot ted i E  f i g r e  7(a.) are experimental values of f r i c t i o n  torque against  
radial load for  bearing R-7 with a glass-fiber-in-Teflon retainer .  These 
values, as wel l  as values of coeff ic ient  of f r i c t i o n  (f ig .  7(b)) are compared 
with data  from reference 4 for  an oil-mist-lubricated 2-inch-bore bearing 
operating a t  10 000 rpm. 
culated f o r  the  liquid-oxygen-lubricated bearing a t  an 800-pound load and 
10 000 rpm compared with a minimum value of 0.0015 f o r  t he  oi l - lubricated bear- 
ing a t  t h e  same conditions of speed and load. These r e su l t s  indicate  t h a t  b a l l  
bearings can operate i n  l iqu id  oxygen w i t h  f r i c t i o n  losses  comparable t o  those 
of o i l - lubr ica ted  bearings. 

A minimum coeff ic ient  of f r i c t i o n  of 0.0020 w a s  ca l -  
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Figure 7. - Comparisons of experimental fr ict ion torque and calculated f r ic t ion 
coefficients plotted against radial load for l iquld-oxygen-cwled and oil-mist- 
lubricated ball bearings. Bearing series, 1908; radial separable; bearing R-7; 
retainer material, glass fiber In Teflon; race and ball material, AIS1 440-C 
stainless steel. 

r102 

3 

0 
Shaft speed, rpm 

Figure 8. -Experimental bearing torque plotted against shaf l  speed for 1908-series bearing 
operating in l iqu id  oxygen. Bearing, R - l b  retainer material, molybdenum disulfide plus 
glass flber in Teflon; radial load, 100 pounds. 



Figure 9. -Total bearing wear plotted against retainer sl iding distance for 108- 
series deep-groove ball bearings at radial loads f rom 50 to 550 pounds. 

30-Percent bronze powder i n  Teflon. - Performance of t h i s  mater ia l  i n  
bearing R-9 was extremely poor under even the l i g h t e s t  loads. 
pers is ted from s t a r t u p  t o  a speed of 7500 rpm where the  t e s t  w a s  terminated. 

High torques 

Molybdenum disu l f ide  plus glass  f ibe r  i n  Teflon. - Performance of t h i s  
material  i n  bearings R-10 and R - 1 1  w a s  generally poor and i n  d i r e c t  contrast  t o  
r e s u l t s  obtained i n  the  108-series bearings. A load of 200 pounds a t  t h e  maxi- 
mum DN value of 1.2 million produced excessive f r i c t i o n  torque, and t h i s  t e s t  
w a s  terminated a f t e r  only 10 minutes. The torque-speed curve of f igure  8 shows 
the  s teep  r a t e  of torque increase a t  speeds exceeding 25 000 rpm and a 100- 
pound load. This poor performance i s  a t t r ibu ted  t o  the method of fabr ica t ion  
and the  l i g h t  construction t h a t  allowed the r e t a ine r  body t o  move r e l a t ive  t o  
t he  shroud mater ia l  under the  act ion o f  high cage forces. High torques were 
produced when the  b a l l  s e t  came in to  contact with t h e  aluminum shroud. 

100-Percent graphite. - Torque values f o r  bearing R-12, measured during 
the  i n i t i a l  100-pound load t e s t  did not exceed 0.75 pfiiiild-liidizs a t  speeds t~ 
25 000 rpm. 
mained a t  t h i s  value throughout a 30-minute run. 
tes t ,  it w a s  observed t h a t  the re ta iner  had sustained extensive damage a t  the 
locat ing surface and i n  the  b a l l  pockets. 
conducted on t h i s  material. 

A t  30 000 rpm the  torque increased t o  1.8 pound-inches and re-  
A t  t h e  completion of t h i s  

Therefore, no fur ther  tests were 

Cotton-cloth phenolic laminate. - The r a t e  of torque increase with speed 
w a s  very s teep  through 25 000 rpm a t  a 100-pound load f o r  bearing R-13. A t  

13 
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Delamination and pocket wear 

C-62979 
(a) Bearing D-2; retainer material, glass-cloth - Teflon laminate; radial- 

load range, 200 to 500 pounds; t ime at maximum DN (1.2 mill ion), 4.9 
hours;  total test time. 9.3 hours.  

C-62980 
(b) Bearing D-4; retainer material, glass fiber in Teflon; radial-load range, 

100 to 5% pounds; t ime at maximum DN (1.2 mill ion), 4.5 hours;  total 
test time, 15.9 hours.  

Figure 10. - Extralight 108-series deep-groove ball bearings operated in 
l iquid oxygen. 

27 500 rpm, the  bearing seized. Pos t t e s t  inspection of the  oxidant-chamber and 
bearing-adapter par t s  indicated a f i r e  had taken place t h a t  completely consumed 
the unshrouded retainer .  
together were found. 
peratures. 
the  only t e s t  where ign i t ion  had occurred, and also,  t h e  only tes t  where an 
oxidizable mater ia l  was used as a bearing component. 

Only the  r i v e t s  used t o  hold the  two r e t a ine r  halves 
Races and b a l l s  showed evidence of excessively high tem- 

Most of the b a l l s  i n  the  s e t  were p l a s t i c a l l y  deformed. This w a s  

Compacted molybdenum disulf ide.  - Bearing torque for  bearing R - 1 4  did not 

A t  t h i s  speed the  rate of torque increase was rapid,  and a f t e r  
exceed 0.75 pound-inches a t  a 100-pound r a d i a l  load until a speed of 27 500 rpm 
was reached. 
25  minutes a t  30 000 rpm the  torque exceeded 3 pound-inches. 
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Figure 11. - Retainer wear plotted against retainer sliding distance for 
108-series, radial-separable ball bearings at radial loads from 200 to 
600 pounds. 

Effect of Total  Running Time on Wear of 

Extra-Light 108-Series Bearings 

Nonseparable or deep-groove type. - Figure 9 i s  a p lo t  of the  t o t a l  bear- 
ing wear against  the  t o t a l  s l i d ing  distance of t he  r e t a ine r  locat ing surface. 
Sl iding ve loc i t i e s  varied from 218 f e e t  per minute a t  750 rpm t o  8730 f e e t  per 
minute a t  30 000 rpm. It should be pointed out t ha t ,  for t he  data  of f igure 9, 
the  radial load w a s  not constant bu t  varied from 100 t o  600 pounds. 

The r e t a ine r s  fo r  bearings D-2 and D-4 a re  shown i n  f igures  l O ( a )  and (b) .  
Bearing D-4 with the  glass-fiber-in-Teflon re ta iner  w a s  operated i n  l iqu id  

oxygen over l ~ t i m e s  as long as bearing D-2 with the glass-cloth - Teflon- 
laminate re ta iner ,  and yet  it remained i n  operable condition. The glass-cloth, 
r e t a ine r  showed delamination between pockets and. extensive wear o r  deformation 
of the  pockets ( f ig .  l O ( a ) ) .  

1 

Radial-separable types. - The weight losses plot ted i n  figure 11 against  
s l i d ing  distance a re  f o r  the  re ta iners  only. 
bronze powders i n  Teflon used i n  bearings R-1 and R-2  had very high wear ra tes .  
A t  only 5x105 f e e t  of s l i d ing  the average re ta iner  wear f o r  the  two bearings 
with bronze-powder-in-Teflon re ta iners  ( f i g .  11) was s ign i f i can t ly  greater  than 
f o r  the  glass-cloth - Teflon re ta iners  ( f ig .  9 ) .  Much of the  wear i n  bearings 
R-1 and R-2 appeared t o  have taken place i n  one area of t he  locat ing surface. 

The re ta iners  made of 30-percent 
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C-63397 

(a) Bearing R-3; retainer material, molyWenum disulfide plus glass fiber 
in Teflon; radial-load range, x)o to 600 pounds; t ime at maximum DN 
(1.2 mill ion), 3.6 hours; total test time, 8.5 hours.  

Rm 

Metal wear debris 

C-63398 
(b) Bearing R-5; retainer material, 100-percent graphite; radial-load range, 
200 to 6M) pounds; t ime at maximum DN (1.2 mill ion), 1.2 hours;  total 
test t ime 3.2 hours. 
Figure 12. - Extralight 108-series radial-separable ball bearing operated 
in l iquid oxygen. 

This uneven wear is  a t t r i bu ted  t o  
the  nonuniform dispersion of bronze 
i n  the Teflon, which resul ted i n  a 
dynamic unbalance that  became s ig-  
n i f  i can t  a t  high speed. 

Bearing R - 3  i n  f igure  12(a) 
i l l u s t r a t e s  the  excel lent  condition 
of the  r e t a ine r  a f t e r  3.6 hours a t  
the  maximum DN of 1.2 mill ion and a 
t o t a l  t e s t  time of 8.5 hours. The 
r e t a ine r  used i n  bearing R-4  w a s  
a l s o  i n  excel lant  condition a t  the  
conclusion of 6.3 hours of tes t ing.  
The outer races and t h e  b a l l  sets 
gained weight, which indicated t h a t  
a t r ans fe r  of the  retainer-body 
material  had taken place. 
wear r a t e  f o r  the molybdenum disul-  
f i d e  plus glass  i n  Teflon used as a 
r e t a ine r  i n  bearings R - 3  and R - 4  
and plot ted i n  f igure  11 w a s  pre- 
dicted by e a r l i e r  f r i c t i o n  and wear 
s tudies  i n  l i qu id  nitrogen ( re f .  1). 
No evidence of corrosion o r  i ron  
oxide deposits w a s  present on the  
retainer-body material. This con- 
trasts with the  other two glass-  
and-Teflon compositions, which 
showed evidence of corrosion. 

The low 

A 100-percent-graphite re- 
t a i n e r  body (aluminum shrouded) 
used with t es t  bearing R - 5  showed a 
r e l a  i ve ly  low wear r a t e  up t o  
1x10 feet  of s l iding.  The t e s t  
s e r i e s  was concluded a t  t h i s  point 
because of a f a i l u r e  of t he  bearing 
during a t e s t  a t  a 600-pound load. 
Extreme heating of t he  b a l l s  and 
races w a s  evident, which probably 
caused a l o s s  of i n t e r n a l  clearance 
i n  the  bearing and resulted i n  
seizure.  Severe damage occurred t o  
both inner and outer  races and t o  
the  b a l l  set .  Considerable metal 
debris w a s  removed from the  t e s t  
chamber and can be seen i n  f igure  
1 2  (b)  . The r e t a ine r  experienced 
mater ia l  breakout a t  t he  b a l l  pock- 
e t s ,  and deep scoring caused by 
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Figure 13. - Retainer wear plotted against retainer sliding 
distance for 1908-series radial-separable ball bearings at 
radial loads from 100 to 300 pounds and thrust load of 
25 pounds. 

metal debris being dragged i n t o  the  re -  
ta iner  clearance area w a s  evident a t  t he  
locating surface. 

Effect of Total  Running Time on 

Wear of Extremely Light 

1908-Series Bearings 

Plots of r e t a ine r  weight losses  
against the  s l i d ing  distance of the  
locating surface f o r  three d i f f e ren t  
materials can be seen i n  f igure  13. A 
glass-cloth - Teflon-laminate r e t a ine r  
used with bearing R-8 had the  lowest mea- 
sured wear out t o  l. 7x106 f e e t :  these 
t e s t s  were a l l  a t  100-pound loads, and 
the  wear r a t e  w a s  very high. Accompany- 
ing t h i s  high r e t a ine r  wear w a s  a cor- 
respondingly high weight loss measured 
from the  b a l l  se t .  A t  t he  conclusion of 
these high-load t e s t s  a reddish-brown 
deposit covered the  bearing adapter 
parts and w a l l s  of the  t e s t  chamber. It 
i s  believed t h a t  t he  deposits were ex- 
tremely f ine  metal l ic  pa r t i c l e s  abraded 
from b a l l s  and races by the  glass  i n  the  
80-percent-glass-cloth r e t a ine r  body. 
These f ine  pa r t i c l e s  were rapidly oxi- 
dized i n  the  surrounding oxygen environ- 
ment. 
for chemical analysis ,  and X-ray d i f -  

Samples were generally too small 

f r ac t ion  pat terns  obtained were inconclusive. 
pocket wear on the r e t a ine r  of bearing R-8. 

Figure 14(a)  shows extensive 

The wear rates fo r  the  glass-fiber-in-Teflon re ta iners  used i n  bearings 
R-6 and R-7 remained f a i r l y  constant with no change noted i n  the  R-6 bearing 
out t o  2.25~10~ f e e t  ( f ig .  13). 
laminate re ta iner ,  high values of wear were measured on both the  b a l l s  and the  
inner race. Varying amounts of the  i ron oxide were a l s o  present on adapter 
parts, etc. ~ i g a e  l/l(b) shni:s cr3ckir.g of the  retaioer-h0d.y ma- te r ia l  hetween 
pockets and between pockets and shroud that occurred i n  the  las t  300-pound load 
test .  

Again, as with t h e  glass-cloth - Teflon- 

The high wear r a t e s  measured on the  molybdenum disu l f ide  plus glass-fiber- 
in-Teflon material  (bearing R-10 ,  f ig .  13 and R - 1 1 ) )  a r e  very much i n  contrast  
with the  almost negl igible  wear noted with t h i s  material  i n  the  extra- l ight  
s e r i e s  bearings. 
r i a l  i t s e l f  bu t  with the  difference i n  re ta iner  construction. The aluminum 

It i s  believed t h a t  t h i s  inconsistency w a s  not i n  the  mate- 
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(a) Bearing R-8; retainer material, glass-clot11 - Teflon laminate; radial- 
load range, 100 to 300 pounds; t h r u s t  load, 25 pounds; t ime at maximum 
DN (1.2 mill ion), 2 .4  hours;  total test time, 7.8 hours. 

Cracks 

plr 

(b) Bearing R-6; retainer material, glass f iber in Teflon; radial-load 
range; 100 to 300 pounds; t h r u s t  load, 25 pounds; t ime at maximum 
DN (1.2 mill ion). 3.5 hours;  total test time, 11.7 hours. 

(c) Bearing R-10; retainer material, molybdenum disulfide plus glass 
fiber in Teflon; radial-load range, 100 to 200 pounds; t h r u s t  load, 
25 pounds; t ime at maximum DN (1.2 mill ion), 1.2 hours:  total test 
time, 3.9 hours .  

Figure 14. - Extremely l ight  1908-series radial-separable ball bearings 
Operated in l iquid oxygen. 
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shroud t h a t  w a s  spun over the  body material  w a s  not r iveted i n  place, and move- 
ment of the aluminum shroud r e l a t ive  t o  the  r e t a ine r  body occurred under the  
act ion of high cage forces. This permitted the  b a l l s  t o  rub against  the alumi- 
num instead of the body material. 
evident a t  each pocket as shown i n  f igure 14(c). Considerable aluminum wear 
debris, evident a t  the  conclusion of each t e s t ,  probably made up the  la rges t  
portion of the  t o t a l  weight loss.  

The severely deformed aluminum shroud i s  

The wear was not recorded for  the 100-percent graphite r e t a ine r  used i n  
bearing R-12 since large pieces had broken out a t  the  locat ing surface. The 
r e s u l t s  of t h i s  t e s t  i l l u s t r a t e  that the mechanical properties of graphite 
might l i m i t  i t s  use as a ball-bearing retainer  material. 

The measured weight l o s s  of a compacted molybdenum disu l f ide  r e t a ine r  
a f t e r  only 8X1O5 f e e t  of s l i d ing  w a s  241 milligrams, over s i x  times the  average 
weight l o s s  of the  glass-f iber  - Teflon material. The bearing inner-race 
shoulder indicated a nonuniform contact. The weight l o s s  f o r  the  inner race 
w a s  greater  than normally experienced for  t h i s  short  duration. 

SUMMARY OF RESULTS 

The following r e s u l t s  were obtained with ex t ra - l igh t  108- and extremely 
l i g h t  1908-seriesJ 40-millimeter-bore b a l l  bearings running i n  l iqu id  oxygen 
t o  DN values of 1 . 2  million-and radial loads from 100 t o  600 pounds: 

1. The best overa l l  performance i n  l iquid oxygen for  108-series bearings 
w a s  obtained w i t h  three glass-reinforced-Teflon compositions: these were 
(1) glass  f ibe r  i n  Teflon, ( 2 )  glass-cloth - Teflon laminate, and (3 )  molybdenum 
disu l f ide  plus glass  f ibe r  i n  Teflon. The f r i c t i o n  and w e a r  r e s u l t s  f o r  the 
glass-reinforced-Teflon compositions corroborate previous work by other inves t i -  
gators  i n  f r i c t i o n  and wear s tudies  conducted i n  l i q u i d  nitrogen. 

2. The f r i c t i o n  torque and wear of extra- l ight  108-series bearings under 
these t e s t  conditions were superior t o  those of extremely l i g h t  1908-series 
bearings. These r e su l t s  a re  i n  contrast  t o  those reported with l iquid-  
hydrogen-cooled bearings operated a t  DN values of 1 .6  million. The bearings 
operated i n  hydrogen, however, were operated under t h r u s t  loading, which r e -  
sul ted i n  l e s s  severe r e t a ine r  forces. 

3. Low-torque values and almost negligible wear were observed with molyb- 

Aii ijeai-iiig cornpoileiits were LE excellent condition a f t e r  total t e s t  
denum disu l f ide  plus glass-fiber-in-Teflon re ta iners  used i n  108-series b a l l  
u e a r  ingb. 
times of 8.5 and 6.3 hours on two t e s t  bearings. 
_I - - - ~ -  ._ ^ _ ?  

4. Overall coeff ic ients  of f r i c t i o n  obtained for bearings equipped with 
glass-fiber-in-Teflon re ta iners  were of the same order of magnitude as those 
obtained by other invest igators  with oil-mist-lubricated bearings of a similar 
s i ze  over the  same radial-load range. 

5. With 1908-series b a l l  bearings, high rates of torque increase a t  sha f t  
The high torques were probably due speeds exceeding 25 000 rpm were observed. 
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t o  d i s tor t ion  of l i g h t l y  constructed re ta iners  by high cage forces, character-  
i s t i c  of bearings under combined loading. 

6. Torque values did not vary s ign i f i can t ly  with speed i n  the  108-series 
bearings, Generally, the curves a re  r e l a t i v e l y  f la t  as i s  the  case with o i l -  
lubricated rolling-element bearings. 

7. High wear rates were observed f o r  bronze i n  Teflon and compacted molyb- 
denum disulf ide r e t a ine r  materials.  B a l l s  and inner races showed r e l a t i v e l y  
high wear i n  bearings using t h e  glass-fiber-in-Teflon and glass-cloth - Teflon- 
laminate r e t a ine r  materials. Retainers of 100-percent graphite evidenced 
s t ruc tu ra l  f a i l u r e  t h a t  would l i m i t  i t s  use as a r e t a ine r  material  i n  cryogenic 
applications. 

L e w i s  Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, November 24, 1964. 
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